Policies to reduce adverse health impacts of fine particulate matter (PM 2.5 ) require information on costs of abatement and associated costs. This paper explores the potential for cost-efficient control of anthropogenic primary PM 2.5 emissions in Finland. Based on a Kyoto-compliant energy projection, two emission control scenarios for 2020 were developed. 'Baseline' assumes implementation of PM controls in compliance with existing legislation. 'Reduction' assumes ambitious further reductions. Emissions for 2020 were estimated at 26 and 18.6 Gg a −1 for 'Baseline' and 'Reduction', respectively. The largest abatement potential, 3.0 Gg a −1 , was calculated for power plants and industrial combustion. The largest potential with marginal costs below 5000 A C Mg(PM 2.5 ) −1 was for domestic wood combustion, 1.7 Gg a −1 . For traffic the potential was estimated at 1.0 Gg a −1 , but was associated with high costs. The results from this paper are used in the policy-driven national integrated assessment modeling that explores cost-efficient reductions of the health impacts of PM.
Introduction
Atmospheric fine particulate matter (PM 2.5 ) has been estimated to cause 350 000 and 270 000 premature deaths in Europe in 2000 and 2020 , respectively (EC 2005 . PM results from both direct emissions (primary PM) and chemical reactions of gaseous precursors (secondary PM). European policies on emission reductions do not directly consider PM. However, they include sulfur dioxide (SO 2 ), nitrogen oxides (NO x ), ammonia (NH 3 ), and non-methane volatile organic compounds (NMVOC), contributing to acidification, eutrophication, and formation of ozone and secondary PM. Recent proposals by the European Commission under the Clean Air for Europe (CAFE) program (EC 2005) include proposals for national PM emission ceilings for 2020. The United Nations Economic Commission for Europe (UNECE) Convention on Long-range 4 Author to whom any correspondence should be addressed.
Transboundary Air Pollution (LRTAP) evaluates PM in the review of the 1999 Gothenburg Protocol (UNECE 1999 (UNECE , 2007 .
The RAINS model developed at the International Institute for Applied Systems Analysis (IIASA) (e.g. Schöpp et al 1999) was used in CAFE (Amann et al 2004) and would be employed in the possible revision of the Gothenburg Protocol. The integrated assessment model (IAM) RAINS includes costefficiency estimates for emission control measures, allowing for effects-targeted cost optimization at European scale. More detailed national studies are important to describe country-specific circumstances on emissions (Karvosenoja and Johansson 2003a ) and costs (Karvosenoja and Johansson 2003b) . They include, inter alia, fine sectoral resolution, description of large point sources, additional abatement options, detailed vintage and constraints on implementing measures within the planning period.
Such national analyses were performed with the Finnish regional emission scenario (FRES) model (Karvosenoja and Johansson 2003c) . It is part of the national IAM used in a national project KOPRA on PM (www.environment.fi/syke/ pm-modeling). KOPRA aimed to assess health impacts due to various emission sources and reductions at different spatial resolutions, 10 × 10 km 2 and 1 × 1 km 2 . This paper focuses on anthropogenic primary PM 2.5 emissions and related abatement potential and costs in Finland, largely based on results of the KOPRA project. The four most important emission sectors are covered: power plants and industrial combustion; industrial processes; domestic wood combustion; and traffic.
Methods and materials
Primary PM 2.5 emissions and control costs were calculated with the FRES model. Calculation of emissions and costs is presented in more detail in Karvosenoja et al (2006) .
Emission calculation
FRES combines a top-down approach for area emission sources with a detailed bottom-up calculation for large energy production and industrial point sources. Area and point sources (i.e. plants with boilers >50 MW th or plants with emissions >20 Mg a −1 of PM, SO 2 or NO x ) are summed:
where j is fuel, k is the sector, l is the plant, m is the control technology, t is time, η and X are removal efficiency and implementation rate of control technology m, A a and A p are area and point source activity data (the annual activity rate of a point source is calculated from the capacity and annual operating hours of the plant) and EF is the unabated emission factor (before emission control devices).
More details on the data sources have been documented in Karvosenoja et al (2006) for stationary sources and in Klimont et al (2002) for transport sources. Information about the spatial distribution of emissions used in the KOPRA project is presented in Karvosenoja et al (2005a) .
Cost calculation
Abatement costs comprise investment and operation-related costs of control equipment. The total annual cost for each technology is the sum of annualized investments (I an ) over the lifetime of the equipment (see tables 2 and 3), fixed operation and maintenance (OM fix ) and variable operation and maintenance (OM var ) costs. The unit costs of abatement (c) (related to one unit of reduced pollutant) are:
where P is a plant factor (annual operating hours at full load for stationary sources and fuel consumption per vehicle for mobile sources).
Eventually, in order to rank options, marginal costs of abatement (mc m ) are calculated for each control technique m, i.e. additional costs for the considered measure m are related to the additional abatement of that measure (compared to the abatement of the less effective option m − 1):
More detailed discussion and all respective formulae with full indexing are available from Klimont et al (2002) .
Emission control technologies
There is a long tradition of controlling PM emissions from large-scale combustion and processes, and some of the best options, such as electrostatic precipitators (ESPs) or fabric filters, can reduce more than 99% of PM, although the efficiency for fine PM is slightly lower than for the coarse fraction, especially for ESPs (e.g. McElroy et al 1982) . For smaller boilers that are not covered in the European Union's Large Combustion Plants directive (EC 2001) , less efficient technologies, e.g. multicyclones, are often used, or the emissions are released to the air uncontrolled. Efficient technologies to control these smaller boilers, however, are available and include, similarly to larger installations, ESPs and fabric filters that have been successfully applied in some countries (e.g. Nussbaumer 2007 ).
The domestic sector includes small heating and hot water boilers, stoves and fireplaces. These devices are often a source of high emissions, especially when burning wood in manually fed log boilers and stoves. Inadequate operating practices of boilers and stoves, e.g. a boiler used without a heat storage tank, and poor fuel quality leads to further decline in combustion efficiency and consequently higher emissions , Nussbaumer 2003 , Sternhufvud et al 2004 .
Emission reductions can be primarily achieved by installation of heat storage tanks for wood log boilers, replacement of the old stove or boiler with a state of the art installation (e.g. Johansson et al 2004) as well as information campaigns on good combustion practices. Lowest emission levels can be achieved by installing a small-scale ESP that has been recently developed and tested independently in Norway and Switzerland , APP 2005 , Henriksen 2004 , Schmatloch and Rauch 2005 .
Traffic sources, specifically diesel engines which are responsible for the bulk of the PM emissions, have not been subject to stringent PM standards and it is only recently that traps and filters are being considered and becoming part of the legislation. Control measures include changes in fuel parameters (e.g. sulfur or aromatics content, fuel density), engine design, flue gas post-combustion treatment (e.g. traps, catalysts), and improved inspection and maintenance (e.g. in-use compliance testing, on-board diagnostic).
More detailed review can be found in Klimont et al (2002) , for example. European legislation defines so-called EURO standards (e.g. EU Directives 98/69/EC for diesel cars and LDT; 88/77/EC for heavy duty trucks and busses; 98/68/EC for off road equipment; 2000/25/EC for agricultural and forestry machinery), which require implementation of a combination of measures listed above. Table 1 presents, for key source sectors, the ranges of PM 2.5 emission factors for emission reduction technologies present in Finland and the average emission factors for the year 2000 as assumed in the FRES model. The emission controls considered in the analyzed scenarios, their removal efficiencies, investment costs and resulting unit costs per reduced Mg of PM 2.5 are shown in tables 2 and 3.
Scenario assumptions
The FRES model has been used to estimate future PM emissions for several activity pathways of the national climate strategy (Hildén et al 2005) . For this study, the 'Kyoto nuclear' activity path was selected as a basis for PM abatement scenarios due to its consistency with the current energy policy and expected compliance with the Kyoto Protocol, ratified by Finland.
Two PM abatement scenarios, 'Baseline' and 'Reduction', were developed. The 'Baseline' scenario fulfills the require- Technical constraints and cost-efficiencies of control options were analyzed to assess their feasibility. The technologies assumed in the 'Reduction' scenario include, for example, installation of fabric filters to replace ESPs in large solid fuel power plants and industrial processes, use of small-scale ESPs in domestic biomass boilers and full implementation of EURO levels for on-and off-road traffic sources. At the time of calculation, only insufficient information was available about EURO 6 for heavy-duty trucks and 5 and 6 for light-duty vehicles and therefore they were not included. Although, as discussed earlier, promotion of good combustion practices, e.g. retrofitting of wood log boilers with a heat storage tank, can result in significant reductions of emissions, there are limitations, e.g. lack of space, and therefore such an option is not directly taken into account in this analysis, i.e. in the 'Reduction' scenario. However, both scenarios assume that about 20% of currently operating wood log boilers will be replaced with pellet boilers by 2020. The main assumptions are summarized in table 4 while more details are presented in Karvosenoja et al (2006) .
Results and discussion
Total Finnish PM 2.5 emissions in 2020 are estimated at 26.0 Gg a −1 in the 'Baseline' and 18.6 Gg a −1 in the 'Reduction' scenario. The four studied sectors represent 71% and 60% of the total emissions in the 'Baseline' and 'Reduction' scenarios, respectively. The largest contribution to emissions, 7.1 Gg a −1 in 'Baseline', originates from domestic wood combustion. The largest possible reduction, about 3.0 Gg a −1 , is estimated for power plants and industrial combustion. Detailed results are presented in table 4 where measures are ordered by increasing marginal cost within a given sector. The cost-efficiencies of emission reduction beyond 'Baseline' are illustrated on a cost curve (figure 1). Figure 2 presents the estimated abatement potential for sectoral and total emissions, grouping measures by marginal cost category. Nearly half of the emissions in the power plant and industrial combustion sector originate from installations smaller than 5 MW th , i.e. solid fuel boilers equipped with multicyclones and uncontrolled heavy fuel oil boilers. Although, they use only about 4% of total fuel in this sector, about 40% of total reduction in the 'Reduction' scenario is achieved in these small installations (P3, P4 in table 4). However, a comparable reduction could be achieved moving towards fabric filters in larger solid fuel boilers (P1, P2) and at a 50% lower marginal cost. These options appear cost-effective for overall reduction of PM emissions in Finland as they can be found in the lower part of the cost curve ( figure 1) .
The largest source of PM from industrial processes is black liquor recovery. Very high PM 2.5 concentrations in flue gas make reductions technically challenging (Mikkanen et al 1999) . However, installation of fabric filters and consequently further emission reduction is not technically feasible. Additional reductions could be achieved in paper pulp lime kilns and the 'other processes' category. Relatively low marginal costs were estimated for oil refineries and glass wool and fibre production processes (I1), largely due to a very low level of emission control in the 'Baseline'. For the metal industry (I2), where the reduction potential is associated with upgrading from ESP to fabric filters, the marginal costs are rather high. For paper pulp lime kilns the costs of further abatement could not be evaluated. Cost and reduction potential estimates for this sector entail considerable uncertainties.
The highest emission reductions with marginal costs below 5000 A C Mg −1 could be achieved in the domestic sector introducing small ESP for wood log boilers, i.e. 1.7 Gg a −1 (D1, D2). Further reduction of 0.21 Gg a −1 could be achieved with ESPs in automatic wood chip and pellet boilers at a higher marginal cost (D3, D4). Installation of ESPs on stoves and ovens has not been included in this study, although we estimated they are responsible for nearly 70% of emissions from the residential sector. They are typically used for supplementary heating, operating typically for only 100-300 h a −1 , and installation of ESPs is not very cost-efficient; marginal cost was estimated at 30 000 to over 50 000 A C Mg −1 . Their emissions are strongly dependent on operating practice and fuel properties. Further emission reductions would be possible, though difficult to quantify, by, for example, information campaigns on good combustion practices or programs stimulating the accelerated replacement of old stoves and ovens with modern technologies.
Owing to the introduction of strict emission standards for the transport sector, its exhaust emissions are estimated to decline significantly by 2020. The largest remaining sources will be diesel off-road machinery, where also the largest reduction potential was identified in the 'Reduction' scenario, i.e. about 1.0 Gg a −1 ; however, the costs are relatively high (T1).
This study does not include estimates of reduction potential for non-combustion, non-industrial primary PM emissions (referred to as 'Other sources' in figure 2). They contribute about 7.4 Gg a −1 and include non-exhaust emissions from traffic, product handling, agriculture, construction activities, fuel extraction, meat preparation, tobacco smoking and fireworks. The largest contribution (1.8 Gg a −1 ) comes from non-exhaust traffic sources. Very few data exist about abatement options for these sources.
Although emission reduction of precursors of the secondary particles (SO 2 , NO x , NH 3 , NMVOC) are not discussed in this paper, some of the control technologies included in the analyzed scenarios do reduce these emissions, e.g. controls in the transport sector and renewal of combustion devices in the domestic sector. The predominant share of the background PM 2.5 concentrations in Finland consist of longrange transport secondary particles (Karppinen et al 2004) , and the exceedances of the EU 24 h air quality limit values for PM 10 that occur in major cities are mainly associated with the primary emissions of PM. Karvosenoja and Johansson (2003a) have compared FRES base year 2000 emissions with other national and international emission inventories. The largest differences were detected in the domestic wood combustion sector. In a global inventory of carbonaceous aerosol emissions Bond et al (2004) estimated that this sector is also the major contributor to uncertainty in Europe, and key factors determining high uncertainty are emission factors. Table 1 illustrates the variation in the average PM 2.5 emission factors assumed in this study for different combustion technologies used in devices in the domestic sector. However, the measurements of emission factors for specific combustion installations show great variability, even within the same type of device (e.g. Johansson et al 2004 , Kupiainen and Klimont 2007 , Bond et al 2004 . Obviously, the choice of average emission factor will have an impact on total emissions from this sector. Additionally, for log boilers, the results are sensitive to the assumptions about the performance of the reduction technology. Consequently, assumptions about the performance of the reduction technology contribute to the uncertainty of the results. The small-scale ESP we include in this study has not been commercialized yet but has been tested in the laboratory and in real-life conditions, achieving removal efficiencies around 86% and ESP outlet concentrations of 4 mg MJ −1 . Measurements with another ESP device suggest reduction efficiencies of 80-90% for variety of stoves and a pellet boiler (Schmatloch and Rauch 2005) . We assumed such efficiencies for ESP installed in devices with similar unabated emissions, i.e. pellet, wood chip and heat storage tank log boilers (table 2) . Ernst Henriksen, a member of the ESP development team at APP (Applied Plasma Physics ASA, Norway) suggested that the use of ESP with higher inlet PM concentrations would result in higher removal efficiencies (Henriksen 2006) , therefore the ESP efficiency for a high-emission wood log boiler without a heat storage tank was assumed to be 95%. However, test information on combustion with high PM emission factors or for long-term operation was not available. Therefore, the presented results on the reduction potential and costs of the small-scale ESP should be seen as preliminary.
Discussion of emission and cost uncertainties
Most significant uncertainties in the 'Reduction' scenario estimates for power and industrial plants are related to the removal efficiency assumed for fabric filters. Measurements at Finnish plants suggest that the removal efficiency of fabric filters for PM 2.5 in normal use is approximately 99.9% but malfunctions or other bypass situations decrease the average efficiency in actual operation to about 99.7% (Ohlström et al 2005) . However, the effects of malfunctions on actual emission levels have not been widely studied, and they might result in lower reduction efficiencies than those assumed in this study. On the other hand, even assuming a real-life reduction efficiency of only 99%, would result in a change of the abatement potential in power plant sector by about 0.2 Gg a −1 . This represents less than 5% of the total reduction potential estimated in this study (table 4) .
For industrial processes, emission estimates included in this study were based mainly on direct contacts with enterprises . However, for several processes it was not possible to discriminate between fugitive and stack emissions. This increases the uncertainty of the reduction potential for this source since a fraction of fugitive losses might actually be calculated as stack emissions in such a case, leading to overestimation of the emission reduction potential.
Uncertainties in control costs for industrial combustion sources are related to the aggregation of plant-specific data, e.g. depending on size, production and operation profile, lifetime, etc, when developing model sector parameterization. The data used in this study were collected directly from Finnish plants rather than from the literature or international data sets. For industrial processes and transport, however, local factors could have been accounted for only to a limited extend as the primary cost data originate from international sources and therefore cost estimates for these sectors carry higher uncertainties.
Conclusions
The total Finnish emissions of PM 2.5 in 2020 in the 'Baseline' scenario are estimated at 26.0 Gg a −1 . The introduction of additional measures in the 'Reduction' scenario results in a decrease in emissions by 7.4 Gg a −1 , i.e. 29% of the total emissions. The largest abatement potential was identified for stationary industrial and domestic combustion sources and about half of it could be achieved at a cost below 5000 A C Mg −1 . Reduction potential was also identified for a few industrial processes; however, reduction and cost-efficiency estimates bear high uncertainty and could be only partly quantified.
Tailpipe emissions from transport sources are already subject to stringent legislation included in the 'Baseline' and any further reduction will be very expensive.
The uncertainties in the emission estimates and reduction potential are strongly linked to the estimates of emission factors and assumptions about penetration rates and performance of control technology. The study highlights this aspect specifically for the domestic sector that contributes nearly 30% of the total PM 2.5 emissions in Finland. There is only limited experience with some of the low-emission technology in this sector and the assumptions made in this study about the applicability of ESPs for wood boilers and the exclusion of stoves and ovens from the reduction analysis have important implications for the result. Although the application of ESPs to intermittently operated stoves and ovens is technically possible, we estimated that it would be associated with very high reduction costs. Analysis of the potential for accelerated replacement of old and polluting devices in this sector is of vital importance but could not have been performed owing to lack of data.
The IAM project KOPRA has introduced new information on the health impacts of different emission sources in Finland. The results emphasize the importance of low-altitude emission sources, especially traffic and domestic combustion (Karvosenoja et al 2005b , Tuomisto et al 2007 . The results of this study will be integrated with this project to allow for state of the art assessment of the cost-efficiency of emission reduction measures to reduce health impacts due to PM.
